Introduction
============

Pathological neovascularization (NV) is a common cause of blindness globally and occurs in retinal/choroidal vascular diseases, including retinopathy of prematurity (ROP), diabetic retinopathy and age-related macular degeneration. Aberrant neovascularization occurs due to the demand for oxygen and energy substrates ([@b1-etm-0-0-8016]). Although effective therapeutic methods for ocular NV are currently available, they are associated with certain disadvantages. For example, laser photocoagulation preserves central vision but leads to the loss of peripheral vision ([@b2-etm-0-0-8016]), whilst vitreous injection of anti-angiogenic agents, such as vascular endothelial growth factor (VEGF) inhibitors, have become the preferred therapy option for the inhibition of NV. However, anti-VEGF-treatment has little or no efficacy in certain patients because of secondary factors, including fibrosis of NV ([@b3-etm-0-0-8016]) and enhancement of vascular stability by pericytes ([@b4-etm-0-0-8016]). Therefore, efforts are being made to develop novel therapeutic strategies in addition to the classical therapies mentioned above.

Platelet-derived growth factor (PDGF) is a family of chemokines and mitogens that consist of five members: PDGF-AA, PDGF-BB, PDGF-AB, PDGF-C and PDGF-D. PDGF is involved in vascular homeostasis by activating their corresponding tyrosine kinase receptors, PDGFR-α and PDGFR-β. In the eyes, PDGF participates in NV processes of the choroid, retina, and cornea by binding PDGFR, and also serves a pro-angiogenic role in a VEGF-dependent or -independent manner ([@b5-etm-0-0-8016],[@b6-etm-0-0-8016]). The PDGF/PDGFR axis has a wide range of cellular targets and may serve a greater role compared with the VEGF/VEGFR axis. Consequently, inhibition of the PDGF/PDGFR axis may be a potential therapeutic target for diseases associated with angiogenesis.

In microvessels, PDGF-BB is secreted by endothelial cells, and binds to PDGFR-β on the surfaces of pericytes. The PDGF-BB/PDGFR-β signaling pathway has essential effects on the formation and maturation of the blood-retinal barrier through the recruitment of pericytes onto new capillaries ([@b7-etm-0-0-8016]). Pericytes are involved in angiogenic cascades, including the formation and maturation of NV. In a laser-induced model of choroidal neovascularization (CNV), a PDGFRβ+ scaffold that limits the extent of NV formed before the formation of CNV lesions ([@b8-etm-0-0-8016]). PDGF inhibitor (E10030) combined with ranibizumab (an anti-VEGF agent) was demonstrated to be superior to anti-VEGF monotherapy in a previous phase IIb clinical study ([@b9-etm-0-0-8016]). Although superiority was not shown in a phase III trial, anti-PDGF agents could yet serve a role in reducing the injection burden and improving outcome for patients ([@b10-etm-0-0-8016]).

Stromal cell-derived factor-1α (SDF-1α; or C-X-C motif chemokine 12) is a chemokine that exerts its biological function by binding to its receptors, chemokine (C-X-C motif) receptors 4 (CXCR4) and 7 (CXCR7) ([@b11-etm-0-0-8016]). The SDF-1α pathway recruits endothelial precursor cells or hematopoietic stem cells to neoangiogenic niches to participate in the formation of CNV ([@b12-etm-0-0-8016]). In addition, in a previous study performed in our laboratory, it was demonstrated that the SDF-1α pathway is critical for pathological angiogenesis in the rat choroidal NV model ([@b13-etm-0-0-8016]) and there may be crosslinks between SDF-1α and other molecules in the pathogenesis of CNV ([@b14-etm-0-0-8016],[@b15-etm-0-0-8016]). When the SDF-1α/CXCR4 axis was impeded during tumor NV, PDGF-B expression was reduced and bone marrow-derived pericyte differentiation was inhibited ([@b16-etm-0-0-8016]). Indeed, tumor-derived PDGF-B induces SDF-1α expression in endothelial cells, which is consistent with PDGF-B-induced pericyte recruitment during angiogenesis ([@b17-etm-0-0-8016]). Nonetheless, the effect of PDGF-BB/SDF-1α on retinal microvascular pericytes, which is an essential component of angiogenesis, remains unclear and require further study.

In the present study, evidence is provided for the first time that CXCR4 and CXCR7 are expressed on retinal microvascular pericytes. In addition, PDGF-BB treatment increased CXCR4 and CXCR7 expression, which subsequently potentiated SDF-1α-induced proliferation and migration in retinal microvascular pericytes.

Materials and methods
=====================

### Cell culture and treatment

Primary human retinal microvascular pericytes were purchased from Angio-Proteomie (cat. no. CAP-0025) and maintained in Dulbecco\'s modified Eagle\'s medium (DMEM) (Sigma-Aldrich; Merck KGaA) supplemented with 4,500 mg/l glucose, L-glutamine, sodium pyruvate, sodium bicarbonate and 10% fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific, Inc.) in a humidified atmosphere at 37°C with 5% CO~2~.

### Materials

Human PDGF-BB protein was purchased from Novus Biologicals (cat. no. NBP2-35203), LLC. Recombinant human SDF-1α (CXCL12) was obtained from PeproTech (cat. no. 300-28A), Inc. AMD3100 (a CXCR4 inhibitor, cat. no. S8030) and niclosamide (a STAT3 inhibitor, cat. no. S3030) were purchased from Selleck Chemicals. Anti-CXCR4 (cat. no. ab124824, 1:100), anti-CXCR7 (cat. no. ab72100, at 6 µg/ml), and anti-PDGFR-β (cat. no. ab69506, at 1 µg/ml) were obtained from Abcam. Anti-β-tubulin was obtained from Absin Biotechnology Co., Ltd (cat. no. abs830032, at 0.5 µg/ml). Anti-STAT3 (cat. no. ET1605-45, 1:1,000) and anti-phosphorylated (p)-STAT3 (cat. no. ET1603-40, 1:1,000) were obtained from Hangzhou Hua\'An Biotechnology Co., Ltd. Anti-ERK-1/2 (cat. no. 9102, 1:1,000), anti-p-ERK1/2 (cat. no. 9106, 1:2,000), anti-AKT (cat. no. 9272, 1:1,000), and anti-p-AKT (cat. no. 9611, 1:1,000) were obtained from Cell Signaling Technology, Inc. Anti-mouse horseradish peroxidase (HRP)-conjugated secondary antibodies (cat. no. A0216, 1:1,000) and anti-rabbit HRP-conjugated secondary antibodies (cat. no. A0208, 1:1,000) were obtained from Beyotime Institute of Biotechnology. Primary Antibody Dilution Buffer (cat. no. P0023A) and Secondary Antibody Dilution Buffer (cat. no. P0023D) were also obtained from Beyotime Institute of Biotechnology.

### Western blotting

Cells were lysed using radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology) supplemented with protease inhibitor. Total protein (40 µg/lane) was separated by 6 or 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes. Membranes were then blocked with 10% skimmed milk diluted in TBS-T solution (0.1% Tween-20) for 1 h at room temperature and incubated overnight at 4°C with their respective primary antibodies. Proteins of interest were visualized with HRP-conjugated secondary antibodies at 1:5,000 dilutions at room temperature for 1 h and subsequently ECL reagents (Beyotime Institute of Biotechnology). Densitometric analysis was performed using Tanon 5200 Image System (Tanon Science and Technology Co., Ltd.).

### Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA from retinal microvascular pericytes was extracted using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. Total RNA was converted into complementary DNA (cDNA) using PrimeScript™ RT Master Mix (Takara Bio, Inc.) according to manufacturer\'s protocol. The reaction mixture was incubated under the following condition: 37°C for 15 min, 85°C for 5 sec and 4°C for 5 min. cDNA was subsequently used for qPCR according to the manufacturer\'s protocols. Expression levels of CXCR4 and CXCR7 were analyzed using SYBR^®^ Premix Ex Taq™ kit (Takara Bio, Inc.) in a Mastercycler^®^ ep realplex machine (Eppendorf). The qPCR thermocycler conditions were as follows: Initial denaturation at 95°C for 10 sec, followed by 40 cycles of 95°C for 5 sec and 60°C for 34 sec. β-Tubulin were used as internal reference. Relative mRNA expression levels were determined using the 2^−ΔΔCq^ method ([@b18-etm-0-0-8016]). The primers used for the qPCR experiments are shown in [Table I](#tI-etm-0-0-8016){ref-type="table"}.

### Small interfering (si)-RNA-mediated knockdown of PDGFR-β gene expression

siRNA for PDGFR-β were purchased from Shanghai GenePharma Co., Ltd. The sequence for siRNA-PDGFR-β was 5′-GACGUCAAAUAUGCAGACATT-3′. The sequence for scrambled siRNA-negative control was 5′-UUCUCCGAACGUGUCACGUTT-3′. Cells were seeded into 6-well plates at a density of 2×10^6^ cells/well and incubated at 37°C. At 70% confluency, cells were transfected with siRNA-PDGFR-β using Lipofectamine^®^ 2000 transfection reagent (Thermo Fisher Scientific Inc.) according to manufacturer\'s protocol. Briefly, 100 pmol siRNA was first mixed with 5 µl Lipofectamine 2000 and incubation for 25 min at room temperature before this mixture was added to the cells. Further experiments were performed 24 h after transfection.

### Cell proliferation

Cell Counting Kit-8 (CCK-8) assay (Beyotime Institute of Biotechnology) was performed to assess pericyte cell viability, in which 5×10^3^ retinal microvascular pericytes were first seeded into 96-well plates. A total of five groups were designated: Negative control (NC) group, SDF-1α group, PDGF-BB + SDF-1α group, PDGF-BB + SDF-1α + AMD3100 group and PDGF-BB + SDF-1α + niclosamide group. With the exception of the NC group, SDF-1α (100 ng/ml) was added to all groups. PDGF-BB (10 ng/ml) was added to the PDGF-BB + SDF-1α, PDGF-BB + SDF-1α + AMD3100 and PDGF-BB + SDF-1α + niclosamide groups. The concentration of AMD3100 and niclosamide used was 1 µM. Fresh serum-free medium was added with a final volume of 100 µl to every well. Cells were first incubated for 2 h at 37°C, following which 10 µl CCK-8 reagent was added to each well at 24, 48, and 72 h. Finally, absorbance was measured at 450 nm using a microplate reader (Thermo Fisher Scientific, Inc.). All experiments were performed in triplicates.

### Cell migration

Cell migration was measured in 24-well plates with 8.0 µm pore size polycarbonate membrane inserts (Corning Inc.). As aforementioned, five groups were designated. With the exception of the NC and SDF-1α groups, pericytes (4×10^4^ cells) diluted in 200 µl serum-free medium were treated with PDGF-BB (10 ng/ml) and seeded into the upper chambers. Each well contained 500 µl DMEM supplemented with 10% FBS supplemented with (100 ng/ml) or without SDF-1α (NC group). In the PDGF-BB + SDF-1α + AMD3100 and PDGF-BB + SDF-1α + niclosamide groups, pericytes were treated with AMD3100 (1 µM) or niclosamide (1 µM) in the lower chambers. After incubation at 37°C for 24 h, inserts were fixed with 4% paraformaldehyde at room temperature for 30 min and dyed with crystal violet at room temperature for 20 min (Beyotime Institute of Biotechnology). The numbers of migrated cells across the membrane were counted from five random fields of view/insert using a light microscope (magnification, ×40).

### Apoptosis assay using flow cytometry

Retinal microvascular pericytes were plated into 6-well plates at 3×10^5^ cells/well and incubated for 24 h. Following treatment with 0.25% ethylenediaminetetraacetic acid (EDTA)-free trypsin (Gibco; Thermo Fisher Scientific, Inc.), cells were adjusted to a density of 1×10^6^/ml and centrifuged at 100 × g for 5 min at room temperature. The cell supernatant was then discarded and 2 ml phosphate-buffered saline (PBS) was added to the cell pellet to wash the cells. After two-time wash with PBS, the cell pellet was then resuspended in 100 µl binding buffer solution, following which 5 µl propidium iodide (PI) and 5 µl Annexin V-fluorescein isothiocyanate (FITC) dyes were added to the cells with this mixture subsequently incubated for 15 min at room temperature in the dark. After incubation, a total of 400 µl binding buffer was added to the cells. The FITC Annexin V apoptosis detection kit I was purchased from BD Pharmingen™ (BD Biosciences). Flow cytometry (BD FACSCalibur™; BD Biosciences) and BD CELLQuest™ Pro software (version 5.1; BD Biosciences) were used to measure cell apoptosis at an excitation wavelength of 488 nm.

### Statistical analysis

All data are presented as mean ± SD. Student\'s t-test and one-way analysis of variance (ANOVA) followed by Bonferroni\'s or Dunnett\'s post hoc test were used to calculate statistical differences. Each experiment was repeated at least 3 times. Prism 6 (GraphPad Software, Inc.) was used perform statistical analysis. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### PDGF-BB increases pericyte CXCR4 and CXCR7 expression

The effect of increasing concentrations of PDGF-BB at a number of incubation times on CXCR4 and CXCR7 expression in pericytes is shown in [Figs. 1](#f1-etm-0-0-8016){ref-type="fig"} and [S1](#SD1-etm-0-0-8016){ref-type="supplementary-material"}. Endogenous CXCR4 and CXCR7 expression was first confirmed in pericytes in the absence of PDGF-BB treatment ([Fig. 1](#f1-etm-0-0-8016){ref-type="fig"}). Following 24 h of PDGF-BB treatment in [Fig. 1B-C](#f1-etm-0-0-8016){ref-type="fig"}, 10 ng/ml PDGF-BB significantly increased CXCR4/CXCR7 mRNA expression, but further increases in the PDGF-BB dose only resulted in mild further increases ([Fig. 1A-C](#f1-etm-0-0-8016){ref-type="fig"}). Following 24 h of PDGF-BB treatment in [Fig. 1A](#f1-etm-0-0-8016){ref-type="fig"} and [S1A](#SD1-etm-0-0-8016){ref-type="supplementary-material"}, 10 ng/ml PDGF-BB significantly increased CXCR4/CXCR7 protein expression. However, when the dose of PDGF-BB was increased to 100 ng/ml, protein levels of CXCR7 reduced slightly ([Figs. 1A](#f1-etm-0-0-8016){ref-type="fig"} and [S1A](#SD1-etm-0-0-8016){ref-type="supplementary-material"}). To evaluate the time dependency of this effect, PDGF-BB (10 ng/ml) was added to the cell culture medium at 0, 24, 48 and 72 h. With increasing treatment time, CXCR4 and CXCR7 mRNA and protein expression significantly increased at 24 and 48 h ([Figs. 1D-F](#f1-etm-0-0-8016){ref-type="fig"} and [S1B](#SD1-etm-0-0-8016){ref-type="supplementary-material"}). However, at 72 h, the levels of CXCR4 and CXCR7 protein expression reduced slightly ([Figs. 1D](#f1-etm-0-0-8016){ref-type="fig"} and [S1B](#SD1-etm-0-0-8016){ref-type="supplementary-material"}). These results suggest that PDGF-BB treatment significantly upregulated CXCR4 and CXCR7 expression in pericytes.

### SiRNA transfection downregulates PDGFR-β, CXCR4, and CXCR7 expression

To assess the involvement of PDGFR-β in PDGF-BB-stimulated CXCR4 and CXCR7 expression, PDGFR-β expression was first measured in pericytes treated with or without 10 ng/ml PDGF-BB. PDGFR-β expression was significantly increased by PDGF-BB stimulation ([Fig. 2A and B](#f2-etm-0-0-8016){ref-type="fig"}). It was subsequently found that PDGFR-β expression was significantly decreased following transfection with siRNA-PDGFR-β for 24 h compared with cells transfected with the siRNA-Control ([Fig. 2C and D](#f2-etm-0-0-8016){ref-type="fig"}). In addition, CXCR4 and CXCR7 expression was reduced in PDGF-BB-treated pericytes transfected with siRNA-PDGFR-β compared with those transfected with negative siRNA-Control ([Fig. 2E-G](#f2-etm-0-0-8016){ref-type="fig"}). These results suggest that the activation of PDGFR-β signaling in pericytes is a prerequisite for the upregulation of CXCR4/CXCR7 expression.

### The STAT3 signaling pathway is involved in PDGF-BB-induced up-regulation of CXCR4 and CXCR7 expression

The potential mechanism of PDGF-BB-induced CXCR4/CXCR7 upregulation was subsequently investigated. PDGF-BB has been previously reported to activate phosphorylation of ERK-1/2 in human brain pericytes ([@b19-etm-0-0-8016]) and AKT in brain pericytes after ischemic stroke and in HT29 cells ([@b20-etm-0-0-8016],[@b21-etm-0-0-8016]). In addition, PDGF-BB has been demonstrated to activate janus kinase 2 (Jak2)/STAT3 signaling ([@b22-etm-0-0-8016]), resulting in increased CXCR4 expression ([@b23-etm-0-0-8016]). Significantly increased ratio of p-STAT3/total STAT3 expression ([Fig. 3A](#f3-etm-0-0-8016){ref-type="fig"}), but not of p-ERK-1/2/total ERK-1/2 ([Fig. 3B](#f3-etm-0-0-8016){ref-type="fig"}) or p-AKT/total AKT ([Fig. 3C](#f3-etm-0-0-8016){ref-type="fig"}), was observed in PDGF-BB-treated pericytes ([Fig. 3A-D](#f3-etm-0-0-8016){ref-type="fig"}). This suggests that PDGF-BB regulated CXCR4 and CXCR7 by signaling through the Jak2/STAT3 pathway and not the ERK1/2 or AKT pathway. Supporting this, pre-treatment with niclosamide (1 µM), a STAT3 inhibitor, significantly reversed PDGF-BB-induced CXCR4 and CXCR7 upregulation, in pericytes ([Fig. 3E and F](#f3-etm-0-0-8016){ref-type="fig"}).

### PDGF-BB promotes SDF-1α-treated pericyte cell viability

CCK-8 assay was next applied to measure the effect of PDGF-BB treatment on pericyte viability. Pericytes were first pretreated with 10 ng/ml PDGF-BB (with or without 1 µΜ AMD3100 or 1 µΜ niclosamide for 24 h), followed by stimulation with SDF-1α (10 ng/ml, 24 h). Compared with the NC group, SDF-1α treatment significantly enhanced pericyte proliferation, especially at 36 and 72 h. Compared with SDF-1α group, additive PDGF-BB treatment increased pericyte proliferation further ([Fig. 4](#f4-etm-0-0-8016){ref-type="fig"}). CXCR4 inhibition (AMD3100) and STAT3 inhibition (Niclosamide) significantly reversed the stimulatory effects of SDF-1α and PDGF-BB ([Fig. 4](#f4-etm-0-0-8016){ref-type="fig"}). These observations suggest that upregulation of CXCR4 by PDGF-BB enhances SDF-1α-induced pericyte cell viability.

### PDGF-BB promotes SDF-1α-induced pericyte migration, which is reversed by niclosamide and AMD130

The Transwell migration assay was used to determine whether PDGF-BB treatment influences SDF-1α-treated migratory capability of pericytes *in vitro*. Pericytes were first pretreated with 10 ng/ml PDGF-BB (with or without 1 µM AMD3100 or 1 µM niclosamide for 24 h), followed by stimulation with SDF-1α (10 ng/ml, 24 h). Compared with NC group, SDF-1α treatment increased pericyte migration. Compared with the SDF-1α group, PDGF-BB + SDF-1α group exhibited significantly enhanced pericyte migration. CXCR4 inhibition (AMD3100) and STAT3 inhibition (Niclosamide) significantly attenuated the stimulatory effects of SDF-1α and PDGF-BB ([Fig. 5](#f5-etm-0-0-8016){ref-type="fig"}). These findings suggest that upregulation of CXCR4 expression by PDGF-BB potentiates SDF-1α-induced pericyte migration.

### PDGF-BB treatment does not affect apoptosis in SDF-1α-treated pericytes

Flow cytometry was used to measure cell apoptosis in PDGF-BB and SDF-1α-treated pericytes ([Fig. 6](#f6-etm-0-0-8016){ref-type="fig"}). Compared with the NC group, apoptosis in the other four groups were slightly decreased, though there were no statistically significant differences among the groups (P\>0.05).

Discussion
==========

As a common cause of vision loss, pathological NV occurs in a variety of retinal/choroidal vascular diseases ([@b24-etm-0-0-8016]). Retinal microvascular pericytes are an important component of NV and serve an essential role in the maintenance of microvascular integrity during angiogenesis ([@b25-etm-0-0-8016]). It is widely hypothesized that endothelial cell-derived PDGF-BB promotes pericyte proliferation and migration by interacting with PDGFR-β in pericytes, leading to retinal microvasculature development ([@b26-etm-0-0-8016]--[@b28-etm-0-0-8016]). However, the precise mechanism underlying the crosslinks between the SDF-1α/CXCR4/CXCR7 and PDGF-BB/PDGFR-β axes in retinal microvascular pericytes remain underreported. In the present study, it was first found that CXCR4 and CXCR7 are endogenously expressed by pericytes and demonstrated further that PDGF-BB increased CXCR4 and CXCR7 expression by activating STAT3 phosphorylation and subsequently potentiating SDF-1α-stimulated cell viability and migration in retinal microvascular pericytes.

Previously, Hamdan *et al* ([@b16-etm-0-0-8016]) found that suppression of the SDF-1/CXCR4 axis reduced PDGF and inhibited tumor vascular expansion in Ewing\'s sarcoma, whilst Song *et al* ([@b17-etm-0-0-8016]) discovered that PDGF overexpression promoted pericyte content in A549 and MCF-7 tumor-bearing mice through activation of the SDF-1/CXCR4 axis. In the present study, CXCR4 and CXCR7 expression was studied in normal retinal microvascular pericytes for the first time, which found that PDGF-BB increased CXCR4 expression, consistent with Song\'s results. In addition, PDGF-BB increased the expression of CXCR7, another receptor for SDF-1α, in a similar manner to CXCR4.

The binding of PDGF-B to PDGFR activates a series of intracellular signaling cascades that internalize the receptors, targeting them for lysosomal degradation. Receptor endocytosis provides a mechanism in which downstream signaling pathways, including the ERK signaling ([@b19-etm-0-0-8016]), AKT signaling pathway ([@b20-etm-0-0-8016],[@b21-etm-0-0-8016]) and mitogen-activated protein kinase (MAPK) signaling pathways ([@b29-etm-0-0-8016]) are regulated. Endocytic transport of PDGFR-β has also been reported to contribute to PDGF-induced STAT3 signal transduction ([@b22-etm-0-0-8016],[@b30-etm-0-0-8016]--[@b33-etm-0-0-8016]). STAT3 is an important class of cytoplasmic transcription factors. The STAT3 pathway is involved in many physiological and pathological processes, including cell proliferation, survival, invasion and angiogenesis ([@b34-etm-0-0-8016]). PDGFR is an epidermal and hepatocyte growth factor receptor, whilst other growth factor receptors with tyrosine kinase activity can also stimulate STAT3 phosphorylation ([@b35-etm-0-0-8016]--[@b37-etm-0-0-8016]). In the present study, it was found that PDGF-BB increased SDF-1α-treated up-regulation of CXCR4 and CXCR7 expression in pericytes by activating the JAK/STAT3 signaling pathway rather than the AKT or ERK signaling pathways.

The SDF-1α/CXCR4 axis participates in the proliferation and migration of a number of different cell types. A previous study in our laboratory found that the SDF-1α/CXCR4/CXCR7 axis is involved in regulating the proliferation and migration of choroid-retinal endothelial cells ([@b38-etm-0-0-8016]). Zhao *et al* ([@b39-etm-0-0-8016]) also found that endothelial progenitor cell proliferation was regulated by the SDF-1α/CXCR4 axis, whilst Białopiotrowicz *et al* ([@b40-etm-0-0-8016]) suggested that SDF-1/CXCR4 is involved in the migration of chronic lymphocytic leukemia cells. In the present study, the SDF-1α/CXCR4 axis was found to participate in retinal microvascular pericyte migration through interaction with the PDGF-BB/PDGFR-β axis. However, Burns *et al* ([@b41-etm-0-0-8016]) reported that CXCR4, instead of CXCR7, is involved in umbilical vein endothelial cell migration because SDF-1 did not induce Ca^2+^ influx through CXCR7. These discrepancies could be explained by differing cell types and tumor microenvironments, which require further investigation.

Further experiments are required to identify the possible effects of PDGF-BB in regulating CXCR4 and CXCR7 expression in a hypoxia-induced ROP mouse model. Although the present study supports a role for PDGF-BB-mediated regulation of CXCR4 and CXCR7 expression in pericytes via the JAK/STAT3 signaling pathway, there may be other pathways involved and many mechanisms between endothelial cells and pericytes that do not involve CXCR4 or CXCR7 signaling. Indeed, previous studies from our laboratory have suggested that transforming growth factor (TGF)-β and lipopolysaccharide (LPS) promote CNV by upregulating CXCR4 and CXCR7 levels in endothelial cells ([@b14-etm-0-0-8016],[@b15-etm-0-0-8016]). Therefore, whether there are crosslinks between signaling pathways such as TGF-β or LPS and the PDGF-BB signaling pathway warrants further investigation.

Altogether, findings from the present study show that the PDGF-BB/PDGFR-β signaling pathway has a stimulatory effect on the proliferative and migratory ability on SDF-1α-treated retinal microvascular pericytes through upregulation of CXCR4 and CXCR7 expression. Therefore, targeting CXCR4/CXCR7 signaling in retinal microvascular pericytes may represent a potential therapy avenue for restraining NV in fundus diseases.
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![Confirmation of CXCR4 and CXCR7 expression in pericytes and PDGF-BB-induced upregulation of CXCR4 and CXCR7 expression in pericytes. (A) PDGF-BB (10 ng/ml) treatment increased CXCR4 and CXCR7 protein expression. (B) PDGF-BB (10 ng/ml) treatment increased CXCR4 and (C) CXCR7 mRNA expression. (D) PDGF-BB treatment increased CXCR4 and CXCR7 protein expression. (E) PDGF-BB (10 ng/ml) treatment increased CXCR4 and (F) CXCR7 mRNA expression in a time-dependent manner. Data are means ± SD from three independent experiments. \*P\<0.05 vs. 0 ng/ml or 0 h and \*\*\*P\<0.001 vs. 0 h. CXCR, C-X-C motif chemokine receptor; PDGF-BB, platelet-derived growth factor-BB.](etm-18-05-4022-g00){#f1-etm-0-0-8016}

![Effects of PDGFR-β knockdown on PDGF-BB-treated CXCR4 and CXCR7 expression in pericytes. Comparison of PDGFR-β (A) protein and (B) mRNA expression in untreated pericytes and pericytes stimulated with PDGF-BB (10 ng/ml). (C) Pericytes transfected with siRNA-PDGFR-β exhibited reductions in PDGFR-β mRNA and (D) protein levels compared with those transfected with negative siRNA-Control. (E) Knockdown of PDGFR-β inhibited PDGF-BB-stimulated CXCR4 and CXCR7 protein expression (F) PDGFR-β knockdown reduced CXCR4 mRNA expression. (G) PDGFR-β knockdown reduced CXCR7 mRNA expression. Data are means ± SD from three independent experiments. \*P\<0.05 vs. si-Control or si-Control + PDGF-BB. NC, negative control; si-Control, siRNA-Control; CXCR, C-X-C motif chemokine receptor; PDGF-BB, platelet-derived growth factor-BB; PDGFR-β, platelet-derived growth factor receptor-β; siRNA, small interfering RNA.](etm-18-05-4022-g01){#f2-etm-0-0-8016}

![Effects of PDGF-BB on the Janus kinase 2/STAT3 signaling pathway and CXCR4 and CXCR7 expression in pericytes. (A-D) Pericytes were first treated with PDGF-BB (10 ng/ml) for 0, 24, 48 and 72 h. (A) STAT3, (B) ERK1/2 and (C) AKT phosphorylation were measured by western blotting. (D) PDGF-BB activated STAT3 phosphorylation in a time-dependent manner, but not p-AKT or p-ERK1/2. (E and F) Pericytes were first pretreated with niclosamide (a STAT3 inhibitor) at 1 µM for 1 h and then with PDGF-BB (10 ng/ml) for 24 h. (E) CXCR4 and (F) CXCR7 mRNA expression were subsequently measured using reverse transcription-quantitative PCR. Data are resented as means ± SD from three independent experiments. \*P\<0.05 vs. untreated cells or PDGF-BB and \*\*P\<0.01 vs. untreated cells. CXCR, C-X-C motif chemokine receptor; PDGF-BB, platelet-derived growth factor-BB.](etm-18-05-4022-g02){#f3-etm-0-0-8016}

![PDGF-BB treatment enhances cell viability in SDF-1α-treated pericytes as measured using cell counting kit-8 assay. Absorbance at 24, 48 and 72 h in each group. Data are present as means ± SD from three independent experiments. \*P\<0.05 vs. NC or SDF-1 or PDGF-BB + SDF-1 and \*\*P\<0.01 vs. NC. NC, negative control; PDGF-BB, platelet-derived growth factor-BB; SDF-1α, stromal cell-derived factor-1α.](etm-18-05-4022-g03){#f4-etm-0-0-8016}

![PDGF-BB potentiate cell migration in SDF-1α-treated pericytes as measured using Transwell migration assay. (A) Representative basolateral chamber images of each of the five groups obtained using an inverted optical microscope. (B) The total number of the migrated cells quantified in each of the five groups. Data are means ± SD from three independent experiments. \*P\<0.05 vs. NC and \*\*P\<0.01 vs. SDF-1 or PDGF-B + SDF-1. NC, negative control; PDGF-BB, platelet-derived growth factor-BB; SDF-1α, stromal cell-derived factor-1α.](etm-18-05-4022-g04){#f5-etm-0-0-8016}

![PDGF-BB treatment does not affect apoptosis in SDF-1α-treated pericytes as measured using Annexin V/PI assay. (A) Representative dot plots displaying the percentage of cell apoptosis in pericytes from the five treatment groups. (B) Quantified results from (A). Data are means ± SD from three independent experiments. NC, negative control; PDGF-BB, platelet-derived growth factor-BB; SDF-1α, stromal cell-derived factor-1α.](etm-18-05-4022-g05){#f6-etm-0-0-8016}

###### 

Primer pairs used for reverse transcription-quantitative PCR.

  Gene              Forward (5′-3′)        Reverse (5′-3′)
  ----------------- ---------------------- ----------------------
  Human β-Tubulin   AGCGGGAAATCGTGCGTG     CAGGGTACATGGTGGTGCC
  Human CXCR4       GGCAATGGATTGGTCATCCT   CATCTTGAACCTGGCCATTG
  Human CXCR7       AGGTGTCAGGCAGAGACACG   AGGTGTCAGGCAGAGACACG
  Human PDGFR       ATGGACATGAGCAAGGACGA   CCAGCTTGCCTTCACAGATG

CXCR, chemokine (C-X-C motif) receptor 4/7; PDGFR, platelet-derived growth factor receptor.
